The availability of specific neutral and acidic amino acids in the uterine lumen of ewes increased significantly during the peri-implantation period, but mechanisms for their transport into the uterine lumen and uptake by conceptuses are not established in any species. In this study, effects of pregnancy, progesterone (P4), and interferon tau (IFNT) on expression of neutral and acidic amino acid transporters in uteri of cyclic and pregnant ewes and conceptuses were studied. SLC1A2, SLC1A3, SLC3A1, SLC6A14, SLC6A19, SLC7A6, SLC38A3, and SLC38A6 mRNAs were only weakly expressed in the ovine endometrium. However, SLC1A4, SLC1A5, SLC7A8, and SLC43A2 mRNAs were detectable in uterine luminal epithelia (LE), superficial glandular epithelia (sGE), and/or glandular epithelia (GE). SLC1A1 and SLC7A5 mRNAs were most abundant in LE/sGE and GE. SLC1A3 and SLC38A4 mRNAs were most abundant in uterine stroma. SLC38A6 mRNA was detected only in cells with a stromal distribution suggesting immune lineage. SLC1A5 mRNA was expressed primarily in LE/sGE and stromal cells, and it was more abundant in uteri of pregnant ewes (day 3 status interaction; P , 0.05). Furthermore, P4 induced and IFNT further stimulated SLC1A5 expression in LE/sGE. Endometrial SLC1A1, SLC7A5, and SLC43A2 mRNAs demonstrated both temporal and cellSLCspecific changes. Several mRNAs were detectable in trophectoderm (SLC6A19, SLC7A5, SLC7A6, and SLC43A2), while others were more abundant in endoderm (SLC1A4, SLC1A5, SLC6A19, SLC7A5, SLC7A6, SLC7A8, and SLC43A2) of conceptuses. These results document coordinate changes in expression of transporters that are likely responsible for increases in amounts of neutral and acidic amino acids in the uterine lumen to support conceptus growth, development, and survival. amino acids, conceptus, interferon tau, neutral and acidic amino acid transporters, pregnancy, sheep, uterus
INTRODUCTION
Amino acids play important roles in conceptus (embryo/ fetus and associated placental membranes) growth and development [1, 2] through effects on trophectoderm proliferation, differentiation, migration, and implantation [3, 4] , as well as fetal programming and genomic imprinting [5] that have long-term developmental consequences for fetal and postnatal health [5, 6] . We reported significant increases in free amino acids, including leucine, arginine, glutamine, glycine, serine, alanine, cysteine, and glutamate, in uterine flushings of pregnant compared with cyclic ewes during the peri-implantation period [7] , when there is rapid elongation and growth of conceptuses, particularly trophectoderm [8] . Although there are reports on amino acid transporters in human [9] [10] [11] [12] and ovine placentae [13] , little is known about their temporal and cellspecific expression or factors that affect temporal and spatial changes in their expression in the uterine endometrium or conceptus to increase delivery of specific amino acids to support development of the conceptus.
The amino acid transporters in the placenta are classified according to their structure and preference for substrate [9] , as summarized in Table 1 . Among these transporters, the ASC and N systems preferentially transport glutamine and other neutral amino acids, the L system primarily transports branched-chain amino acids, the X AG À system mainly transports glutamate and aspartate, and systems y þ L and y þ prefer the transport of arginine and lysine [9, [14] [15] [16] [17] . Because the transport of amino acids across the plasma membrane represents the first step in their utilization by cells [1] , amino acid transporters regulate concentrations of free amino acids in cells and tissues, including the placenta and endometrium [18] . Additionally, some amino acid transporters may have other roles. For example, SLC1A5 functions as a binding protein for syncytin and mediates cytotrophoblast fusion during placental morphogenesis [19] . Interestingly, expression of SLC1A5, SLC1A3, and SLC3A2 (solute carrier family 3 [activators of dibasic and neutral amino acid transport], member 2) are upregulated by FK506 binding protein 12-rapamycin associated protein 1 (FRAP1, also known as mammalian target of rapamycin) in cells and tissues [20] [21] [22] , including the human placenta [23] . Reduced levels of these transporters are associated with intrauterine growth retardation [24] . Recently, we have reported results of our studies of cationic amino acid transporters indicating that major transporters for basic amino acids (SLC7A1 and SLC7A2) in ovine endometria increased during the peri-implantation period in response to progesterone (P4) and interferon tau (IFNT), the pregnancy recognition signal [25] in ruminants. In the present study, we hypothesized that: 1) temporal and spatial expression of major transporters for neutral and acidic amino acids occurs in ovine uterine endometria and conceptuses during the peri-implantation period; and 2) expression of these transporters is regulated by P4 from the corpus luteum (CL) and/or IFNT from trophectoderm of the conceptus. The neutral amino acid transporters selected for study were SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, and SLC43A2), whereas the acidic amino acid transporters selected for study were SLC1A1, SLC1A2, and SLC1A3) (full gene names from HUGO Gene Nomenclature Committee and their functions are listed in Table  2 ).
MATERIALS AND METHODS

Animals
Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of vasectomized rams and used in experiments after they had exhibited at least two estrous cycles of normal duration (16-18 days Experimental Design Experiment 1. This experiment provided endometrial tissues to determine effects of the estrous cycle and pregnancy on temporal and spatial (cellspecific) expression of mRNAs for neutral amino acid transporters (SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, and SLC43A2), as well as acidic amino acid transporters (SLC1A1, SLC1A2, and SLC1A3). Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic status and mated only to vasectomized rams, or to pregnant status and mated to intact rams when detected in estrus and at 12-h intervals thereafter until the end of estrus. Ewes were hysterectomized (n ¼ 5 ewes/day) on Days 10, 12, 14, or 16 of the estrous cycle, or on Days 10, 12, 14, 16, 18, or 20 of pregnancy. On Days 10-16 postmating, uteri were flushed with 20 ml sterile saline, and pregnancy was confirmed by the presence of a morphologically normal conceptus. Sections (;0.5 cm) from the midportion of each uterine horn ipsilateral to the CL were fixed in fresh 4% paraformaldehyde (prepared in PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded series of alcohol to xylene, and then embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). The remaining endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Experiment 2. This experiment provided conceptus tissues to determine expression of SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, SLC43A2, SLC1A1, SLC1A2, and SLC1A3 mRNAs during the peri-implantation period of pregnancy. At estrus (Day 0), ewes were mated to a fertile ram. On Days 13, 14, 15, or 16 of pregnancy (n ! 5 ewes/day), uteri were flushed with sterile Tris buffer (10 mM, pH 7.0), and conceptuses were collected from uterine flushings. On Day 18 of pregnancy, ewes were hysterectomized (n ¼ 5 ewes/day) and conceptuses were physically separated from uterine tissues. All conceptuses were fixed in fresh 4% paraformaldehyde and then embedded in Paraplast-Plus (Oxford Labware), as described for experiment 1.
Experiment 3. This experiment provided endometrial tissues to determine effects of long-term (20-day) treatment of ewes with P4 and intrauterine infusions of IFNT on SLC1A5 expression. As described previously [26] , cyclic 
RNA Isolation
Total cellular RNA was isolated from endometrium from the uterine horn ipsilateral to the CL (experiment 1) using Trizol reagent (Gibco-BRL), according to manufacturer's recommendations, and stored at À808C. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Ovine Endometrial SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, SLC43A2, SLC1A1, SLC1A2, and SLC1A3 Partial cDNAs for ovine endometrial genes SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC43A2, and SLC1A1 were amplified by RT-PCR using total RNA from uterine endometria collected from ewes hysterectomized on Day 20 of pregnancy. A partial cDNA for ovine endometrial SLC7A8 was amplified by RT-PCR using total RNA from the small intestine of ewes on Day 45 of pregnancy. A partial cDNA for ovine endometrial SLC1A3 was amplified by RT-PCR using total RNA from brain of ewes at puberty. A partial cDNA for SLC1A2 was amplified by PCR using a plasmid DNA containing a partial human cDNA (catalog no. EHS1001-2587261; Openbiosystems). The primer designs are listed in Table 3 . PCR amplification was as follows: 1) 958C for 2 min; 2) 958C for 30 sec, 508C for 45 sec, and 728C for 1 min for 35 cycles; and 3) 728C for 7 min. Partial ovine cDNAs, as shown in Table 3 , were cloned into pCRII using a T/A Cloning Kit (Invitrogen) and their sequences verified using an ABI PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems).
In Situ Hybridization Analyses
Cell-specific localization of mRNAs in 50lm sections of ovine uteri was determined by radioactive in situ hybridization analyses, as described previously [27] . Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with a [a- 35 S]-UTP radiolabeled antisense or sense cRNA probe. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak) and exposed at 48C for 4 wk. Slides were developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher Scientific), and then dehydrated through a graded series of alcohol to xylene. Coverslips were then affixed with Permount (Fisher). Images of representative fields were recorded under brightfield and darkfield illumination using a Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc.) fitted with a Nikon DXM1200 digital camera.
In experiment 3, the relative abundance of SLC1A5 mRNA in uterine LE/ sGE was measured as optical density using the public domain NIH Image program, ImageJ (developed at the National Institutes of Health and available online at http://rsb.info.nih.gov/nih-image). Briefly, more than six representative areas of the uterus from each ewe were photographed in darkfield illumination and the photographs saved as TIFF files. The background in the original photograph was filtered by median filter, followed by converting to mask using binary function. With Image Calculator, a new photograph was created by combining the original and converted photographs. After setting up the threshold for background, the optical density of hybridization signals in endometrial LE/sGE and GE were measured separately.
Slot-Blot Hybridization Analysis
Steady-state levels for SLC1A5 mRNA in ovine endometria were assessed by slot-blot hybridization analysis, as described previously [27] , to provide additional support for results from in situ hybridization analysis that SLC1A5 mRNA was induced by P4 and further stimulated by IFNT. Radiolabeled antisense cRNA probes were generated by in vitro transcription with [a-32 P] -UTP. Denatured total endometrial RNA (20 lg) from each ewe was hybridized with radiolabeled antisense cRNA probes. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion). Following washing, the blots were digested with ribonuclease A, and radioactivity associated with slots quantified using a Typhoon 8600 MultiImager (Molecular Dynamics).
Statistical Analyses
All quantitative data were subjected to least-squares regression ANOVA using the general linear models procedures of the Statistical Analysis System (SAS Institute). Slot-blot hybridization data were corrected for differences in sample loading using 18S rRNA values as the covariate. Data from experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interactions. Within pregnancy status, least-squares regression analyses were used to determine effects of day on endometrial mRNA levels. Data from experiments 2 and 3 were analyzed for effects of treatment. Preplanned orthogonal contrasts were used to determine main effects of treatment. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. A P value of 0.05 was considered statistically significant, whereas a P value of 0.06-0.10 was considered to indicate a trend toward significance. Data are presented as leastsquare means with SE.
RESULTS
Localization of Neutral and Acidic Amino Acid Transporter mRNAs in Uterine Endometrium and ConceptusesExperiments 1 and 2
The cell-specific localizations of mRNAs based on results from in situ hybridization analyses are summarized in Table 4 to indicate relative abundance of each mRNA in the various Steady-state levels of SLC1A5 mRNA in endometria of cyclic and pregnant ewes were affected by a day-by-pregnancy status interaction (P , 0.05) between Days 10 and 16 ( Fig. 1) . In cyclic ewes, SLC1A5 mRNA increased 2.3-fold from Day 10 to Day 16 (linear effect of day, P , 0.05) and, in pregnant ewes, SLC1A5 mRNA increased 2.2-fold from Day 10 to Day 14, decreased 2.3-fold at Day 16 (quadratic effect of day, P , 0.05), and did not change thereafter. Results from in situ hybridization indicated that SLC1A5 mRNA was expressed in uterine epithelia and stromal cells of cyclic ewes, with abundant expression in stroma at Day 16 of the estrous cycle ( Fig. 2A) . However, in contrast to the estrous cycle, abundant SLC1A5 mRNA was detected in uterine LE/sGE of pregnant ewes between Days 12 and 20 ( Fig. 2A) . SLC1A5 mRNA was strongly expressed in endoderm and weakly expressed in trophectoderm of conceptuses between Day 13 and 18 of pregnancy ( Fig. 2A) .
Effects of Day of the Estrous Cycle and Pregnancy
In both cyclic and pregnant ewes, SLC1A4 mRNA was expressed weakly in LE, sGE, and GE between Days 10 and 16; however, its abundance appeared to increase slightly in GE between Days 16 and 20 of pregnancy (Fig. 2B) . In conceptuses, SLC1A4 mRNA abundance increased in both endoderm and trophectoderm between Days 13 and 18 of pregnancy, and in binucleate cells of the trophectoderm on Days 16 and 18 of pregnancy (Fig. 2B) . SLC38A4 mRNA, expressed primarily in uterine stromal cells, was more abundant in caruncular than intercaruncular stroma of both cyclic and pregnant ewes (Fig. 3) . The abundance of SLC38A4 mRNA was very low in trophectoderm and endoderm of conceptuses between Days 10 and 20 of gestation (Fig. 3) .
Effects of Day of the Estrous Cycle and Pregnancy on SLC7A5, SLC7A6, SLC7A8, and SLC43A2 mRNAs in Ovine Endometria and Conceptuses-Experiments 1 and 2
In situ hybridization analyses indicated that SLC7A5 mRNA was localized to LE/sGE, GE, and stromal cells of uterine 
* Intensity of signal in sense slides: À, is similar to background; þ/À, is slightly above background; þ, þþ, þþþ, is clearly above background. SLC38A6 mRNA was detected only in cells distributed in the stroma which suggests that they represent immune cell lineage. and SLC7A8 mRNAs in endometria from cyclic (C) and pregnant (P) ewes. A) SLC7A5
mRNA was primarily localized in LE/sGE, GE, and stromal cells in both cyclic and pregnant ewes and in both trophectoderm and endoderm of conceptuses between Days 13 and 16 of pregnancy, but was less abundant on Day 18 of pregnancy. B) SLC7A8
mRNA was primarily in uterine LE/sGE, GE, and stromal cells of both cyclic and pregnant ewes, and was more abundant in endoderm than trophectoderm of conceptuses between Days 13 and 18 of gestation. En, endoderm; GE, glandular epithelium; LE, luminal epithelium; S, stroma; sGE, superficial glandular epithelium; Tr, trophectoderm. Bars ¼ 10 lm.
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FIG. 5. In situ hybridization analysis of SLC43A2
and SLC7A6 mRNAs in endometria from cyclic (C) and pregnant (P) ewes. A) SLC43A2
was primarily localized in uterine LE/sGE and GE of both cyclic and pregnant ewes, but was more abundant in endoderm and trophectoderm of conceptuses between Days 13 and 20 of pregnancy. B) SLC7A6
mRNA was expressed in very low levels in uterine LE/sGE, GE, and stromal cells of cyclic and pregnant ewes, but was abundant in both endoderm and trophectoderm in conceptuses between Days 13 and 20 of pregnancy. En, endoderm; GE, glandular epithelium; LE, luminal epithelium; S, stroma; sGE, superficial glandular epithelium; Tr, trophectoderm. Bars ¼ 10 lm.
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endometria of both cyclic and pregnant ewes (Fig. 4A) , but was most abundant in GE and stromal cells on Day 16 of the estrous cycle, and in the GE cells between Days 16 and 20 of pregnancy. In conceptuses, SLC7A5 mRNA was abundant in both trophectoderm and endoderm between Days 13 and 16 of pregnancy. SLC7A8 mRNA was weakly expressed in uteri of cyclic ewes on all days studied and in pregnant ewes prior to Day 16 of pregnancy (Fig. 4B) . In pregnant ewes, SLC7A8 mRNA was most abundant in LE/sGE between Days 16 and 20, and more abundant in endoderm than trophectoderm of conceptuses between Days 13 and 18 of gestation (Fig. 4B) .
SLC43A2 was detected in uterine LE, sGE, GE, and stroma of cyclic and pregnant ewes (Fig. 5A) . In cyclic ewes, SLC43A2 mRNA was most abundant between Days 10 and 14. In pregnant ewes, SLC43A2 mRNA levels in LE/sGE increased on Days 14 and 16 compared with Day 10, and decreased on Days 18 and 20, but did not change in GE between Days 10 and 18 of pregnancy. SLC43A2 mRNA was abundant in endoderm and trophectoderm of conceptues from Days 13 to 18 of pregnancy (Fig. 5A) .
SLC7A6 mRNA was expressed very weakly in uterine endometria of cyclic and pregnant ewes, but was abundant in endoderm and trophectoderm of conceptuses between Days 13 and 18 of pregnancy (Fig. 5B) .
Effects of Day of the Estrous Cycle and Pregnancy on SLC1A1 and SLC1A3 mRNAs in Ovine Endometria and Conceptuses-Experiments 1 and 2
SLC1A1 mRNA was most abundant of the amino acid transporter mRNAs examined. SLC1A1 was highly expressed by LE/sGE and GE on Day 10, and then decreased to Day 16 in cyclic ewes, and to Day 20 in pregnant ewes (Fig. 6) . In conceptuses, SLC1A1 mRNA was abundant in endoderm, but weakly expressed in trophectoderm of conceptuses from Days 13 to 18 of pregnancy. SLC1A3 mRNA was localized to stromal cells of both cyclic and pregnant ewes, but tended to be more abundant in caruncular stroma of pregnant ewes on all days studied (Fig. 7) . In conceptuses, SLC1A3 mRNA was expressed very weakly in trophectoderm, but strongly in endoderm from Days 15 and 16 of pregnancy.
Long-Term Treatment with P4-and IFNT-Stimulated SLC1A5 mRNA Expression in LE/sGE in Ovine Uterine Endometria-Experiment 3
Results from both in situ hybridization and slot-blot hybridization analyses indicated that long-term treatment of ewes with P4 increased expression of SLC1A5 primarily in uterine LE/sGE, but also in stromal cells to some extent, and that these effects were inhibited by the P4 receptor antagonist, ZK136.317 (Fig. 8A) . SLC1A5 mRNA in uterine LE/sGE of ewes treated with P4 þ CX was 1.9-fold higher (P , 0.01) compared with P4 þ ZK þ CX-treated ewes and IFNT further increased SLC1A5 mRNA abundance in LE/sGE (P , 0.01, P4 þ IFNT vs. P4 þ CX), but not in ewes treated with ZK (P . Fig. 8B ). These results indicate that long-term treatment of ewes with P4 induced, and IFNT further stimulated, SLC1A5 expression in endometrial LE/sGE.
DISCUSSION
Results of this study document temporal and cell-specific expression of most known neutral and acidic amino acid   FIG. 6 . In situ hybridization analysis of SLC1A1 mRNA in endometria from cyclic (C) and pregnant (P) ewes. SLC1A1 mRNA was primarily localized in LE/sGE and GE in the uterine endometrium of both cyclic and pregnant ewes. In conceptuses, SLC1A1 mRNA was abundant in the endoderm, but weakly expressed in the trophectoderm at Days 13-18 of pregnancy. En, endoderm; GE, glandular epithelium; LE, luminal epithelium; S, stroma; sGE, superficial glandular epithelium; Tr, trophectoderm. Bar ¼ 10 lm.
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FIG. 7.
In situ hybridization analysis of SLC1A3 mRNA in endometria from cyclic (C) and pregnant (P) ewes. SLC1A3 mRNA was primarily localized in stromal cells within caruncular regions of the uterine endometrium in both cyclic and pregnant ewes, and was weakly expressed in the trophectoderm and endoderm, except that expression was high in the endoderm at Days 15 and 16 of pregnancy. En, endoderm; GE, glandular epithelium; LE, luminal epithelium; S, stroma; sGE, superficial glandular epithelium; Tr, trophectoderm. Bar ¼ 10 lm.
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transporters in cyclic and pregnant ovine uteri and in periimplantation conceptuses. This is the first report of uterine expression of SLC1A1, SLC1A2, SLC1A3, SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC7A5, SLC7A6, SLC7A8, SLC38A3, SLC38A4, SLC38A6, and SLC43A2 in any species. Furthermore, results of the present study demonstrate regulation of SLC1A5 expression in ovine uterine endometrium by P4, the hormone of pregnancy, and by conceptus-derived IFNT. These novel findings provide new insight into possible mechanisms whereby amino acids are transported into the uterine lumen for nutritional support of embryonic/conceptus survival, growth, and development. There were marked temporal and cell-specific changes in the expression of both neutral and acidic amino acid transporters in ovine uteri and peri-implantation conceptuses. Many of the mRNAs of interest, including those for SLC3A1, SLC6A14, SLC6A19, SLC38A3, and SLC1A2, were weakly expressed in most uterine cell types, as well as trophectoderm and endoderm of conceptuses, and SLC38A6 was expressed only in cells with a stromal distribution suggesting immune lineage. SLC6A14 was of interest because it has been proposed to regulate invasion of blastocysts during implantation and to have long-term developmental consequences on conceptus development that carry on through adulthood [6] . This transporter can transport leucine, arginine, and glutamine into mouse embryos [6, 28] , and these amino acids activate FRAP1 cell signaling in embryos [3, 4, 6] . However, SLC6A14 mRNA was weak in both trophectoderm and endoderm of ovine conceptuses from Days 13 to 18 of pregnancy when they are in the postblastocyst stage of development. Therefore, the physiological function of SLC6A14 is unknown in ovine conceptuses. Another amino acid transporter of interest was SLC38A4, a member of the system A gene family that mediates uptake of short-chain, neutral, aliphatic amino acids [29] , and is a paternally imprinted gene in placenta [30] . In placenta, the crosstalk between IGF2, also a paternally imprinted gene, and SLC38A4 may affect genetic control of nutrient supply and demand during development [31] . Interestingly, like IGF2 [32] , SLC38A4 mRNA was primarily present in both intercaruncular and caruncular stromal cells of the ovine uterine endometrium. This suggests that IGF2 and SLC38A4 gene products may be involved in crosstalk in the uterine endometrium prior to formation of the placenta.
Another novel and important finding from the current study is that SLC1A5 expression in the uterine endometrium (mainly LE/sGE) is induced by P4 and further stimulated by IFNT. SLC1A5 is a major glutamine transporter in the placenta (Table  1) , human hepatoma cells [33] , and rapidly growing epithelial cells [34] . Among all amino acids, uptake of glutamine by the ovine uteroplacental unit is highest during late pregnancy [13, 14] . SLC1A5 supports high-affinity transport of glutamine and other neutral L-amino acids (e.g., alanine, cysteine, serine, and theronine) and acidic amino acids (glutamate and aspartate) [16] . However, among these substrates, only glutamine enhances SLC1A5 gene transcription and translation [35] , acting partly via a pathway involving FXR/RXR dimers [36] . In ovine uterine flushings, total recoverable glutamine increased 20-fold between Days 10 and 16 of pregnancy [7] , which is coordinated with changes in SLC1A5 mRNA levels in the uterine endometrium in the present study (Fig. 8) . It is possible that glutamine itself influences SLC1A5 expression in ovine endometrium in early pregnancy [36] .
We reported that P4 and IFNT enhance expression of several glucose transporters (SLC2A1, SLC5A1, and SLC5A11) FIG. 8 . Effects of long-term treatment of ewes with P4 and IFNT on expression of endometrial SLC1A5 mRNA. A) In situ hybridization analysis revealed that longterm treatment of ewes with P4 and IFNT stimulated expression of SLC1A5 primarily in uterine LE/sGE, which was inhibited by the P4 receptor antagonist, ZK136.317. GE, glandular epithelium; LE, luminal epithelium; S, stroma; sGE, superficial glandular epithelium. Bar ¼ 10 lm. B) Levels of SLC1A5 mRNA in LE/sGE in ewes treated with P4 þ CX were 1.9-fold higher (P , 0.01) compared with P4 þ ZK þ CX-treated ewes. IFNT further enhanced the SLC1A5 mRNA level in LE/sGE in the presence of P4 (P , 0.01, P4 þ IFNT vs. P4 þ CX), but not in ewes treated with ZK (P . 0.1, P4 þ ZK þ IFNT vs. P4 þ ZK þ CX). Bars associated with different letters are significantly different. Data represent mean 6 SE values.
[37] and cationic amino acid transporters (SLC7A1 and SLC7A2) [25] . Likewise, SLC1A5 (Fig. 8) increased in abundance in LE/sGE in response to P4 and IFNT. Similarly, SLC1A5 expression in LE/sGE was most abundant between Days 14 and 20 of pregnancy, likely due to actions of P4 and IFNT ( Fig. 2A) . Therefore, expression of these amino acid transporters by LE/sGE at the interface between the maternal uterine endometrium and conceptus trophectoderm likely mediate maternal/conceptus transfer of amino acids in response to effects of P4 and IFNT.
Aspartate and glutamate in ovine uterine flushings increases 9-to 10-fold between Days 10 and 14 of gestation, and remains elevated to Day 16 [7] . Results of the present study demonstrate that SLC1A1, SLC1A2, and SLC1A3, system X AG À amino acid transporters, are expressed in the ovine uterine endometrium. SLC1A1, SLC1A2, and SLC1A3 proteins were identified in rat [38] and human placentae [39, 40] as transporters of acidic amino acids. Interestingly, the ovine uterus exhibits a distinct pattern of expression for the system X AG À transporters (Figs. 6 and 7). SLC1A1 mRNA was localized to LE/sGE and GE while SLC1A2 mRNA was expressed weakly in most ovine uterine cell types, whereas SLC1A3 mRNA was expressed mainly in caruncular and intercaruncular uterine stromal cells. Evidence from studies of rat and human placentae indicate that system X AG À transporter proteins may exert different functions depending on their localization [38, 39] . In addition, endometrial expression of SLC1A1 decreased between Days 10 and 14, but then increased on Day 16 of the cycle, with the increase on Day 16 occurring at a period when secretion of estradiol by ovarian follicles and expression of estrogen receptors in the uterine epithelia both increase during proestrus [41] . Indeed, there is a report that SLC1A1 expression in the brain is not regulated by estrogen [42] . In pregnant ewes in which estradiol receptors are not expressed in uterine epithelia [43] , SLC1A1 expression in uteri of pregnant ewes decreased between Days 10 and 18 of pregnancy (Fig. 6) .
Although expression patterns for the system L members of the large neutral amino acid transporters, such as SLC7A5, SLC43A2, and SLC7A8, were variable, SLC7A5 and SLC3A2 likely account for increases in leucine transport into the uterine lumen during early pregnancy [44] ; however, further studies on temporal and cell-specific changes in location of these amino acid transporters and their activities are required to assess this hypothesis. Hormonal regulation of system L transporters has not been reported; however, results of the present study do not indicate that P4 and/or IFNT directly affect abundance of system L transporters (SLC7A5, SLC7A8, and SLC43A2) in the ovine uterus (data not shown). There is evidence that plateletderived growth factor increases SLC7A5 mRNA and protein expression, as well as leucine transport [21] , presumably via the FRAP1 cell signaling pathway. It is not known if leucine activates expression of leucine transporters; however, leucine increases expression of system A amino acid transporters [44] and SLC1A5 [22] . In addition, glutamine deprivation stimulates leucine uptake [45] and SLC7A5 expression [22] . A proposed reciprocal regulatory link among FRAP1, SLC7A5, and SLC1A5 has been proposed [46] , and needs to be explored in ovine uteri and conceptuses.
Collectively, findings of the present study indicate that amino acid transporters are differentially expressed in a temporal and cell-specific manner in uteri, as well as trophectoderm and endoderm of peri-implantation conceptuses in sheep. In bovine blastocysts, overall utilization of amino acids was greater for inner cell mass (ICM) than trophectoderm [47] . Thus, amino acid transporters in endoderm of ovine conceptuses, especially parietal endoderm lining the trophectoderm, may be responsible for the transport of amino acids to meet requirements of the ICM. Consistent with this hypothesis, expression of SLC1A4, SLC1A5 SLC7A5, SLC7A8, and SLC1A1 mRNAs was much greater in endoderm than trophectoderm of ovine conceptuses. Furthermore, temporal and cell-specific expression of both neutral amino acid (SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, and SLC43A2) and acidic amino acid transporters (SLC1A1, SLC1A2, and SLC1A3) in the ovine uterus and conceptus during the peri-implantation period identified key transporters of neutral and acidic amino acids. Of these mRNAs, SLC1A5 mRNA was identified as another gene product induced by P4 and further stimulated by IFNT in the ovine uterus. Future studies will focus on mechanisms whereby these amino acids influence development of trophectoderm, endoderm, and ICM in humans and mammals.
